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Abstract. This article summarizes the design concepts and implementation of an

advanced Ka-band (34.4 GHti32GHz)  transponder breadboard for the next generation of

space communications systems applications. 1 h e selected architecture upgrades the

X-band (7.,2GH.z/8.4GHz)  deep space transponder - (DS7) to provide Ka-band llplKa- and

X-band down capability. In addition, it can also be configured to provide X-band uplKa-

and X-band down. The Ka-band transponder breadboard incorporates several state-of-

the-art components including samp/ing  mixers, Ka-band dielectric resonator oscillator,

and micro wave monolithic integrated circuits (MMICS).  The  MMICS that were tested in

the breadboard include upconverters,  down converters, automatic gain con trol circuits,

mixers, phase modulators, and amplifiers. 7 he measured receiver dynamic range,

tracking range, acquisition rate, static phase ertor,  and phase jitter characteristics of

the Ka-band  breadboard interfaced to the advanced engineering model X-band DS1 are

in good agreement with the expected performance. 7he results show a receiver

tracking threshold of - 149dBm  with a a’ynamic  range of 80dB, and a down link phase

jitter of 7° rms. 7he analytical results of phase noise and AlIan standard deviation are in

good agreement with the experimental results.
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Performance of a Ka-Band ‘l”ransponder  Breadboard
for Deep Space Applications

N. R. Mysoor,  S. Kayalar,  J. P.l.arw, and A. W. Kernmdc

Jet Propulsion 1 atrmatory
California Instiiute  of 1 ethnology

Pasadena, California

Atrst(act.  This article summarizes the design concepts and inlplomcntation  of an advanced Ka bend

(34.4 GtM2GtM transponder breadti[d for fhe nexf generation Of space comrrrurrications systems
applications. Tho selected architecture upgrades the X-band (7.2 Gt{ti.4G}M deep .y-mce transponder (DST) to

Provide K8~nd utiKa- and X-band dowrl r=pat’iW.  In addir;on, jr @n also k configured to provide X-hand
up/Ka- and X-bend down. The Ka band transponder brr=dtird inco~wra  tes several state of-thc+art
components including sampling mixers, Ka-band dielectric resonator osci~la (OL and microwave monolithic
integrated circuits (MMICS).  The MM/Cs that were tested in the breadboard inckrde upcon verters,
downconvertefs, automatic gain control circuits, mixers, Phase modufalors, and anlpliflers. lhe measured
receiver dynamic range, tracking range, acr?uisifion ra fe, sla tic phase error, and phase jitter characteristics of
the Ka band brrxdboard  interfaced to the advanced engineering model X-band 0S7 are in good agrecmen t with
the expected performance. lhe resrrfts  show a receiver tracking fhreshold of - 149cfBm with a dynamic rango of
Wdfl,  and a downlink  phase jitler of 7° rms. The anafYrical resuks of phase noise and AlIan standard deviation
are in g~ agreemen t wifh the experimental results.

L Introduction

‘)”elecor~lnl~lnication transponders for clecp space spacect  aft applications [1,2] provide uplink ccrmmanct,
turnaround ranging, differential one-way rang@ dowrllink telcn~etr-y, and radionlctfic  capabilities. ‘lhe  Ka-
band transponder breadboard provides these capabilities at Ka-band  uplink [3] frequc.ncy of 34.415GI Iz and
downlink  frequency of 31.97i’GI  17..  Opcration  at Ka-hand  allows the usc  of smalkr antenna, and provides
higlier  transmission bandwidth to allow 4dll  to frdl~ in]l~[cwcnwnt  over  X-l}ancl on downlink  data  ra te
capal)ility  and provides increased accuracy in differential one-way ranging applications. I(urtlwrmorc,  Ka-banct
has a unique advantage for n~issions such as .Solar 1’roIIc, Mercury, and Venus nlissions  as it suffers negligible
signal-to noise degradation due  to signal scintillation in the solar plasma. ‘l?Ic signal-to-noise clcgrariation at X-
banrl is estimated to bc about 5 to 10dB in solar flux cnvironrncnt.

‘1’o enable flexibility in spacecraft design and modularity in spacecraft hardware, the design was chosen to
provide the Ka-trand functionality by adding conversion circuitry to the existing X-band (7.2G1 lz/8.4GI Jz)
deep space transponder (lX3) design [2] as shown in Iiigurc 1. Ibis ruodulatity  allows citllcr  X- or Ka-trand
uplink and X- and/or Ka. trand downlink  operation.

‘I?ris article describes the Ka-tland  transponder design, analysis, and breadboard performance rcsrrlts. ‘Ilrc Ka-
band transponder block  diagram, functional rcquircrrlcnts, and design specifications arc surmnarizcd  in
Section 11. Illc transponder phase noise analysis is dcsr ribed in Sectioll 111. “Ilrc l)rcacli]oard pcrfomlance
rc.suits and ccmclusions  arc presented in Sections IV and V, rcspcctivcly.

Il. Ka-Band Transponder Block Diagram and Requirements

‘I?W Ka band transponder functional block diagram and frequency genc[ation  schcmc are shown in J;igurc 1.
“Ile Ka-bancl trmspolldcr  design uses the X-band 1X1’ and Ka-harrcl rcccivcr  and cxcitcr  circuitry to
implement  the  transporrdcr  functions at Ka-band  uplink and downlink  f~cqucncics  [2.,3]. “l?Ic Ka-trand
rcceivci  and exciter circuits arc designed to interface dilc(. tly with citllcr  the X-band IN” breadboard or the
X-band 1X1’ Advanced I @inccring Model (l MT-Ali.M) dcvclopcd  by MO1’CJJWI .A for jI’1.. “II,c Ka-band
rcceivcr  circuitry pc.rforms  prmclccticm  and low noise a~nplification  at Ka-band  and downconvcrsion  to the
X-band 1X1” uplink  frequency. “Ilse Ka. band cxcitc.r circ uitr-y performs telemetry, ranging arid diffc.rcntial
one-way ranging (1 IC~R)  phase modulation on the Xband IM’l< douidink  rcfercncc  a n d  f r e q u e n c y
multiplication and conversion to the Ka band downlink frequency.
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l’ig-ure 1. Ka-band  transponder functional block  diagtam
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Table 1. Ka-13and Transponder Design Rcquirerncnts

. ..— ..—— ——
Parameter Dx@ Requirements ‘-

. . --—. ._—. — _____ —.—.--—— ..-— — .- .-—
1. Uplink frcquerrey  allocation:

——. .

h-band  uplink 34~ to 34703Ml Iz, deep Sp~CC
X-band  upl,nk 7145 to 7190Mflz,  dccp  S~*CC

2  I)ownlink freql]cnq allocation:
G-band downlink 31fKKl to 32D3M11z,  deep S~SCC

X-band downlink E4LM to 8450M} Iz, deep $plCC

3. l;requency translation ratios:
Channel ]4 Kn-bnnd uphnk frequency 34415.4375 MtIz (3599  ‘1)
Chnnncl  14 X-trend uplink fmqucncy 7162.312S MtIz  (749 F’l)

X-band downlink S80/3599 (8415 MHz)

Ks-bmd downlink 3344/3599 (31977  Mliz)

4. Ka-band  Receiver l’aranleters:
Carr+r tlmshold s -149  dRnl, unmodulated csrricr
Dynamic range 279 dli (car, icr threc}mld to -70 dftn,)

Noise ftgurc at Kn-band rcccivcr  input 56 d[l
Acquisition and tracking rat. 2550 i17/$ at CS&f  [ZVC]  >-110 d[ln,
Tracking range > j 1~ k}Iz “llninlufTi

I’rscking error S 1°/40 k}Iz at .mAcr level  >-110 dlln,
C.pt.rc  range > f I 3 k}17  at carrier  ICVC1  >-110 d[h[l

5. Ka-barrd I~xciter  Parameters:
Frequency for cohcccnt  opcrntaon
Fccqucncy  for noncohcrcnt  operation
Rf” OUtpUt  pOWC[  !CVCI
output VSWR
Spurious sig,,als
Modulation bandwidth
Pcnk p}iasc nmdulation tndcx
Modulation sensitivity
Modulation index stm}dtty
Modulation indcrc
- I’urnamu!jd  ranging
- I’clcnlctry
- DOR
Residual phase  noise (5 to 25Mt 17)

carrier phase dclny vatition
Dif[c  rcntid phssc  delay  variition

Rnngin~~hnsc  dcby varintion  _ _ _

3344/3599 tinms uphrrk frequency
31987.32D988 M}lz (3344  I’& I c}mnncl 16

> + 3 dl!nl
< 1.5:l,50i50hms

S -60 d []C
2’ 50 MtIz@  f10.5dR

! 25 radmns St f 8“/0 hncarity
? radmns  peak/vc,lt pcnk

fl 10% Ovc[  -2W’C to + 75°C

3-9 dft cmicr  mpprcssion
0-15 drt cmic[  mpprcssion
0 -1.1 dR cnnicr  cupprccsion

5 8“ ntts  in the cohcrcnt  nmdc
S 8° nits in the nonmhcrcnt “lode

S 12 ns over -WC to + 75°C
s 2 m 3G-/X-kmnd,  ow -WC tO + 75°C

S 30 m Over-X3”C to + 75°C,.. .-, ,_, —-— .. —.. —.- — . .

Ike design  requirements for the Ka-ttand  transpmide.r and f~equcncy translation ratios arc. listed in ‘l’able 1.
‘IIC uplink and dowrdink  frcqucttcies  are expressed in trxms of the reference frequency l{l. ‘llre exact Iii
frequency is determined by the Dcc.p Space Network (DSN) channel in operation. “llre 1 ~SN channel
frequerwics  [2,3] selected for this implementation correspond to channel number 14 at 21’1 with }’1 equal  to
9.5625M1  Iz for cohcrcnt morlc,  and channel number 16  a t  21i0  with I;O e q u a l  to  9.565586Mt  Iz f o r

noncohcrent mode. ‘l”hc turnaround ratio of the uplink to downlink  f~equcncy is equal to 3599/3344
(34.4GI  Iz/32G1  b). The criteria [3] used in the selection c)f the turnaround ratio  inclucle maximum possible
number of DSN  channels fof simultaneous X- and Ka-hand  operation, trwtsmit/rcccivc channel separation
for cliplexe.r  implementation, cc.ntral Ka. band allocatiorl considcratiog,s,  trarispondcr  i m p l e m e n t a t i o n
complc.xity, and uplink/downlink  interference considerations
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“I”hc design  rcquiren~cnts  shown in ‘1’ahlc 1. apply to Kfi-l)and rcccivcr  and exciter brcacfhoarck  operating with
the X-l)anri lXN’-AIiM.  “I?ICSC r e q u i r e m e n t s  c.arl he satisfic~i  urith no mociiccations  to X-band  IJS’1”-AILM.
“Ihc Ka-banri  rcceivcr  performance include a noise foyrc c~f 5.4dl~,  an unrmdulatcd carrier tracking  thrcshcdd
of -149cflh,  ancl a tracking range of ! 100kl  17 at the assigmd  channel  frcc[uency. ‘lhc  acquis i t ion  and
tracking rate. is spcc.ificd to he at least 5501  lZ/S  “1’t~c spCCifiC.d  nol~~inal  output Power of t}lc Ka-balld  cxcitcr
is + ~ri Bm. ‘IIIC cxcitcr  output is phase  modulated to a nla~imun~ phase deviation of f2..5raciians  with a radio
frccluency  ~ 0.5dl\  modulation bandwidth of 50hil [z. ‘Ihc p h a s e  nc)isc mcasurcxi  frcm] 51 Iz to 2,5MI IZ is

rr.xluircd to he less than 8° root mean sciuarc (m)s) in the cohcrcnt  nlodc, and 8° mls in the noncohcrcnt
mode.

A. X-band Deep Space “l”ranspondcr  Advancer! Ihrginccring Model Irrequency Plan. ‘I?IC functicrnal
block diagram for X-band l~ccp Space “l<ranspomlcr Advanced Itngincering  Model is shown  in liigure  1. “I”he
X-band rcccivcr  [2.] is implcmcntcd  as a double-conversion supcrl]ctcrodync  phase-lock earner tracking
rccciver,  with a fixed second intcm~crliatc  frequency (fl’). ‘lhc  6rst  and second intcmwdiatc  frequencies arc at
1311;1 (1252.7MI  1?) and 15 (12.25MI Iz), rcspcctivcly.  Coherent carrier automatic gain ccmtrol (AGC)  is
cmplc)ycrl in troth of the ll; sections to provide a constant  signal plus noise at the carrier loop phase detector.
‘I?~e first  local oscillator (f.0) signal at 8801’1 (8415MI Iz) and the second 1.0 signal at 1311(1-1;2 arc generated
hy a ciiclcctric  resonator oscillator (1 IKO)  [4] and a surface acoustic wave rcsonatclr  oscillator (S1{0),
rcspcctivcly.  Both of these oscillators arc phase locked to the 121”1 (1 14.75M1  Iz) voltage controlled crystal
oscillator (VCXO).  “Ilc 12~i1 VCXO  is in turn phase IOckcd to the uplink carrier. ‘flrc S1<0 l)l,l. consists of a
SRO,  a Xl 1 multiplier, a +6 divider, two mixers, a + 2 divider, and a phase detector. ‘Ilsc Xl 1 multiplier and + 6
ciividcr arc used in the SI~O 1’1.1. to gcncratc  the frcqucncics  1321;1 and 21”1 front  121:1.  ‘Ihc 21’1 and the
rcfcrcnc.e  oscillator output at 21iZ arc applied to a nlixcr fdlowcd by a ~ 2 divider to obtain a rcfcrencc  signal
at iii+ }b to the SRO 1’1.1. phase detcctc)r. ‘Ihc Slto output at 131 I;l-l;Z  and the 132.1;1 signals arc applied to a
mixer  to obtain the second input signal at 1(1+ l;? to the Silo 1)1,1, phasr  detector. A x73 :nultiplicr  and a + 3

clividcr  arc used in the l>RO  1’1.1. to generate reference si~nals at 8361;1 and 41’1, tcspcc  tivcly.

“I”hc cohcrcnt downlink  carrier at 8801’1 is pr(~vdcd Iy tllc I.c) IJR() when the IN’ is operating in the
co}lcrcnt  mode frcm  the VCO.  In the noncohcrcn(  mode, an 880f:0 frequency is gcrmratcd  hy the exciter
I )]{()  phase  locked tcj the IM’I’ 121;0 auxillary oscillator  (ALJX  CJSC) or the extcfnal  ultra  stal~!c osci l la tor
(L JS()). “I”hc noncohcrcnt downlink  signal is automatic ally sclcctcd  l)y the rcccivcr  A(;C function upon the
at)scncc  of an uplink si~nal. An X-band phase ll~odulator is LISCCI to phase nmdlllatc  the downlink  signal with
tclcrnctry  signals, turnaround ranging, or diffcrcntjal  one-way rangin~ tones.

1]. Ka-band to X - b a n d  I)ownconvertcr. ‘1’hc I@hancl rcccivcr  c i r c u i t r y  pcrfom~s prcsclcction a n d  Ic)u,

noise amplification at 3599Jir  (34.415CTI Iz) and doumconvcrsion  to the 749};1 @.16GJ 17) X-hand  1)S1”  uplink
frequency. A 5 pole Chcl)ychcv  wavcguidc  iris prcsclcctor  filter is USC(I  to filter the rc-ceivcr Ka-hand  uplink
frequency at 34.415G1 Iz, reject  the Ka-hand  downlink frequency at 33441’1 (31 .977(;1 1%), and at[cnuate  the
rcccivcr  10 leakage. After a wavcguidc-tc)-coax  transition, a hfh41C  low nc)isc a!]iplifrcr (1.NA) sets the noise
figure of the rcccivcr.  A tciplc balanced hyhrid mixet is used for downconvcrsion  to X-hand.

A phase locked Ka-band  l~RO  generates the 1.0 signal at 28501’1  (2.7.2.53(;1 Iz) needed for the 3599}’1 to
749}/1  ciowrsccmvcrsion. “Ilsc phase locked I)RO yields lcwcr  spurious output (20 to 40dlJ)  and phase noise
than could bc ac.hicvcd with a direct niultiplicaticm i m p l e m e n t a t i o n  A n  h y b r i d  MMIC  s a m p l i n g
downconvcrtc.r  is used to sarnplc  the Ka-hand  1.0 output with a 361;1 rcfcrcncc  and downconvcrt  it to 61;1
for phase detection with a digital phase/frequency detector. “Ihe 61’1 and 361il  loc~p rcfcrcnccs  arc derived
from the 12F1 rcfcrcnce with a divide-hy-two analo~ Miller divider and a IJ]”J’ rnultiplicr,  rcspcctivcly.

C. Ka-band llxciter. “lhc Ka-band  cxcitcr  circuitry pcrfonns  phase modulation on the 880}’1  (8.41 5GI Iz) X-
hand IM’1’ downlirrk rcfcrcncc  and frequency nlultiplication  and conversion to the 33441’1  @l.977G1  Iz) Ka-
I)and downlink  frequency. An X-band MMIC phase ruoclulator [5] modulates the tclcmctry,  ranging, and
IX)]<  signal on the X-lJand  lX’1’ downlink  rcfcrcnc.c  ‘l’tic modulated X-I~arld  signal is multiplied to 35201’1
(33.66G1  Iz) with a hybrid X4 varactor  multiplier “l”tie harmcmics arc filtered to reduce inband  spurious signals
on the downlink  “l?Ic 35201;I modulated si~nal is convcrtcd  to the 33441;1  clownlink  frequency by mixing it
with a 1761(1  (1683MJ Iz) sifmal usirr~, a h4Ml(;  upcmvcrtcr. ‘Ihe conversion Sprrricnrs signals arc filtered cmt.
“I”hc 1761{t  rcfcrcncc  for the’’convcrsion is gcncratcd  from the 121;1 rcfcrcncc  simal  from lHI’ with a Miller.,
clividcr and step-rccovcry diode multiplier.
1611’1. “1’he sig~lal is multiplied with a Xl 1
rcfcrcncc.

Ihc  Miller divider multiplies the 121;1 rcfcrcncc  by 4/3 to give
step rccovcry  diode circuit ancl filtered to prc)clucc the 1761;r
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Ill. Ka-Bmd Transponder Phase Noise Analysis and Results

“I_hc ctownlink phase noise power spcctrat  density  of t}tc Ka-l~and transponder is prrdi[ trcl usin~ nc)isc rncxicls
[6- I 1] for various cfcviccs and the loop transfer fum tions in a custom Jl)l. sc)ftwarc package. ‘I”hc phase noise
cmlputs  c]f the local oscillator loops arc used in die rcccivcr  loop and  the cxcitcr  to cictcn]]inc  t})c resul tant
downlink  p}~asc nc)isc. ‘Ihc loop transfer functions modify the noise spcctf-ai clcnsity of tllc ind iv idua l
contrihutc)rs  when rcfcrcnccci  to the loop cwtput. ‘I?ic nioclc]s for phase noise cont~itmtofs  conmlon  to all
lc)ofrs arc dcvclopcd  first. “I”hcsc contrilmtors  include oscillators, varactors,  phase ctctcc tors, buffer amplifiers,

multipliers, cliviticrs, operational amplifiers, pcnvcr convc[tc(  circuits, regulators, and pllasc rncxiulators.  ‘l”hcsc
dcviccs  arc moclcllcri with the appropriate white phase, flicker phase, white frcclucncy,  anti flicker frcclucncy
nc)isc characteristics. q~)c phase noise density of each contributor is nlodificd  by the transfer function from
the c.cmtrihutor  to the output. Iior cxanlplc,  the noise at t}lc phase  detector input  will hc moctiflcd hy the
rcccivcr  loop transfer function which is a lowpass rcsponscj  whereas th noise at the 121;1  VCO output will
bc mcrdificd I)y the loop error transfer function which is a high-pass response. ‘l?Ic rcccivcr  phase nc)isc at the
p}]asc locked VCC) output is prcdictcd  I)y frrst calculating Ihc contributions from the Ka-[)and,  X-band, and
]=hancl local oscillator circuits, and using these phase noise density functions in the rcccivcr  loop. ‘1’hc
reccivcr  VC.0  output phase noise density thus ohtainccl is used in t}~c cxcitcr  to prcdic t the cohcrcnt  downlirrk
phase noise cfcnsity at Ka-trand.  “I~Ic Ka-hand  Clou’nlink phase noise densities for the nomohcrcnt  ALJX (MC
mode  is ohtaincd  by rcplacin~  the rcccivcr  VW phase rloisc density by the ALJX OSC oscillator phase nc)isc
density. ‘l?w prcdictcd  theoretical p}lasc nc)isc rcs.ults arc compare.d to the measured rcstrlts in the following
section

IV. Experimental Results

‘llrc K a  h a n d  tl-anspondcr  I)rcaclboard (I;lgure 1) consistin~  of the Ka-toX-llarlcl  dowllconvcrtcr,  Ka-hand
cxcitcr,  and lX’1’-A~~M was implcmcntccl  and performance charactcriz.aticm accon@ishcd.  ‘1’tlc evaluation
mcasurrmcnts include rcccivcr  tracking threshold scrl$itivity, static phase errors fol Ka hand uplink frequency
offset, swept acquisition charactcnstics, and A(;C versus uplink signal ICVCL  All n~casurcmcnts  were niadc  at
arnl]icnt room tcmpcraturc..  “I”hc mcasureri  tlackin~, threshold sensitivity at the rccclvcr  twst lock frequency,
approxlnlatcly  channel  ccntcr, is -149dl]nl, ‘I”hc m e a s u r e d  rcccivcr  thrcshohi  c }]arac  tcristics  s h o w  [pod
corlclat  ion with cxpcctcd  pcr[onllancc  (Appendix) over tllc trackinp, ranp,e as shown III I;lg;urc 2 ‘1’tlc rcc ci~rcr
acquisition charac tcristic.s were measured at an input si~nal ICVC1 of -1 Iocllhl] ‘J”hc r]]casurcrl valurs  f o r

tt-acking ranp,c, and tracking rate arc ? 1.?.hfl IZ at dcsi~n ccntcr  frequency, and 800[ 1//s, rcspc(  tivcly, and
meet the spccificri  requirements ~1’al)lc 1). No rcccivcr false-lock or self-lock resulted durinc  t}Ic test phase.

In t}~c cohcrcnt carrier motfc,  residual phase noise is dcfinrd  fc)r a noise-free received si8nal case. ‘I”hc phase
noise on the riownlink carrier si~nal ccmsists prin~arily c)f contributions from the fcmr p}iasc-locked c)scillatcjrs
12i/r VCO,  SILO,  X-band I)KO,  anti Ka-hand 1 )}{() uscci in the Ka-hanci transponder in~plcn~cntaticm.
lnctiviclual pllasc noise pc~wcr spectral density functions for these contriimtc)rs  arc LIscci in a ccmprchcnsivc
cornputcr  program to predict the phase ncjisc of t}lc closcfi-loc)p reccivcr.  “1’otal residual phase noise in the
output is the sum of the squares all nc)isc sources. ‘l”hc predicted phase noise for the Ka-bancl transponder in
the co}~crcnt mode is compared tc) the mcasurcci results in I’igurc 3. In the intervals hctwccri  5} Iz and 25MJ IZ
on c.ach siclc of the earlier, the root mean square phase noise is 7° ems, which is hclow the n~axirnuru
allowahlc  8° for cohcrcnt dowrdink.  “IIIc dominant contlitwtor to this mls phase noise is the 12};1 V(-X) and
the X4 multiplication process fronl X-hand to Ka-haml,  the rcnlaining  contrihuticms  arc lCSS than 10°/0 of the
V(X) contrilwtion  I’rcdictcd  nns phase noise and Allan deviation arc prcscntcd  in ‘I”aldc 2. ‘I?lc results of the
analysis inciicatc that tllc cohcrcnt moclc specifications u’ill hc rnct for both the rrns phase noise. ‘llc receiver
1’1.1. hand limits the VCO  spectrum, thus providin~  the superior performance in the coherent mc,c{c.

A comparison of measured to calculated AlIan standard ricviation charactccistics  as a function of integration
tin]c is showrl in }iigurc 4 . ‘I”hc mcasurcri  AlIan standard clcviation values for t}lc Ka-hand  transponder
hrcaclhoard  arc in good agrccrncnt  with the preriic tccl values. l’iRurc 5 shows Rood agt-ccnlcnt hctwccn  t}ic
theoretical and measured phase noise r!cnsity curves for the noncohcrcnt  AUX OSC  nlodc  operation.

G a A s  MMIC  phase niodulator  [S] cfcvclopcd urrdcr StJll< ccmtract  at I’acific Monolithlcs  Inc, u,as used to
mortulatc  the X-i)and rcfcrcncc  si~yal and upconvr-rt (x4 multiplication) it to Ka hand riou~nllok  si~nal as
shown in l;i~lrc 1. “I”hc modulator MMIC chi}l incoqwratcs  a sin~]c-stage ir; put Imffcr  amplifier and a thrcc  -
sta~,c ]unlpcri clcnlcnt  hyt)rid-cc)uplcd  reflection phase shifters with h41tSli11’1”- varacturs  to provide a phase
deviation of f 2.5radiarls with hcttcr than 80/. Iincarity. ‘1’tIc chip siz.c is 2.49 X 0.91nlnl  Sinusoidal and square
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“J’able 2 Predicted Phase  Jitter and AlIan Deviation
for Coherent and Noncohcrent Modes
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.—.-— —...—.— 3.2 10-1]— -._—.._ —.

modulating waveforms were applied to the phase modulator and their resulting  spectra [12,13] w e r e

monitored on acalibrate.d  spectrum analyzer.  All mcasurcnlc:lts  were performed at ambient room temperature
and with a carrier frequency of31977MfIz.  A conlpariscln ofmcasurcrl  and predicted carrier, first,  second
and third sidctsand  levels forthecasc ofsinusoidal modulation is shown in l(igure 6. A modulation frequency
of 100klIz  was used in the measurements.lhe peak phase modulation index range was adjusted from 0.2 to
2.4 radians. Iiigum  6 shows excellent agmxment  between theory and measurement for sinusoidal phase
modulating waves. NegIigiMe amplitude modulation distortion was ohscrvcd  in this case. A comparison of
mcasurecl  and predicted carrier, fimt,t hid and fifth sideband levels for the caw of square-wave modulation is
shown in I(igure 7. A modulation frequency of 100k I lZ was used in the nwasurcrncnts.  C>ood agrecmerrt
hctwecn predicted and measured square-wave modulatic)ll  results is denionstratcd  in I’igure 7.

V. Conclusions

I >csig,l concepts and system architecture for a high  performance Kahand transponder  for  deep space
spacecraft applications have trccn presented. “Jhc Ka-band  transponder has hccn successfully breadhoarded
and evaluated. New tcchnolo~es such as a Ka-hand  lIRO, X-hand MMIC  phase modulator, MMIC
ampl i f ie rs ,  M M I C  upconverter, and  sampl ing  mixers have been integrated into the design. ‘Jim
“I”cleconlrllunication  Development 1 .aboratory  measurements on the hreadhoard  transponder achieved a
threshold level of -149dIlm  with a dynamic range of 80dB, and excellent acquisition and tracking
charac  teristic.s. Ilm measured phase  noise, AlIan standard deviation, and phase jitter data are in good
agrermwnt  with the predicted characteristics. Measured carrier  and relative sideband an~p~tudes Iesuhing  from
phase modulation of the Ka-hand  downlink  signal by sinusoidal and square-wave modulating functions agree
well with the predicted results with nq$igible. amplitude modulation distortion.
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Appendix

“1’hc carrier tracking threshold of a 1’1.1. receiver [1 ,6,7J  is defined as she minimum uplink  signal required to
maintain lock at any given offset fronl  best  10A frequency. It is a measure  of an important limitation orl
spacecraft rcccivcr  pcrfcmnance.

At the lrcst lock frcquc.ncy, the cariicr  tracking threshold signal ICVCI  is dc.termincd  from the following
cqur+tion:

S1(
- 1

kTE(2BJ  ‘-

whc.lc s is the rcceivcr  input signal power  Ievcl, k is Bo]~zmann’s constant, T is t}lc reference system
temperature, F is the rcccivcr  noise figure at t),e transponder input, I\In is the one-sided noise-equivalrmt
receiver carrier tracking loop bandwidth at thrcstrold,  and 1. is the rcccivcr  carrier channc]  loss. ~’he
calculated valqc of t}lc worst case rcc.civcf carticr  tracking threshold is equal to -149dBnl  for a 2BM of 721 IL
channel loss of ldI~, and noise figure of 5.4dl~ (including isolator, tiltcr,  I,NA,  and connectors) at 290°K.

Note that the c.arricr tracking thrcshoki  signal Ievcl cm also ~Jc expressed in t:rms  of the variance of the phaw
error duc to additive channel noise hy

8



2 kT~~I&  - 1-. —
~e ‘- -

s L 2

‘lhcrc.fore.  at threshold the standard deviation of the phase error is CJe = 1/{2 . If the uplink s i g n a l
frequency is off..et  from the best lock frequency by Af IJz, t}le phase  detector is required to ‘operate with a
static phase error of Oe radians givers as

()

2nAf
0, =- sin-l - - -

a Kv

where Kv is the DC gain of the 1’1.1., and w is the receiver Iimitcr  suppression factor given by

/[””- –~ ,  4  ‘--kTFBi;
r-J3-l

n SL

I lere B, ~ is the noise equivalent predetectiorr  bandwidth. ‘Ifiis static phase error reduces hc threshold phase

error standard deviation to ae =  1/42 - 0., such that the carrier tracking threshold corresponding to the

frequency offset of A f I Iz needs to satisfy

‘lhe  one-side.d noise equivalent carrier tracking loop bandwidth at threshold, Bm, is given by

1  +  (l@l)
Bm = -.—.—.—.  . . . . . .

4Z2(1 -t l/( K~2))

where  II and ~2 are the loop fdtr r tilne constants, and K is dIC open 100P gain Of the 1>1.1.  given by

Ncm  that  the open loop gain of the 1’1.1. includes factors for the rcduc t;on of the phase detector scmsitivity

due to the static phase error and the additive channel noise.
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